Health care-associated pneumonia due to multidrug-resistant organisms represents a major therapeutic challenge. Unfortunately, treatment is dependent on empirical therapy, which often leads to improper and inadequate antimicrobial therapy. A rapid multiplex PCR-based Unyvero pneumonia application (UPA) assay that assists in timely decision-making has recently become available. In this study, we evaluated the performance of UPA in detecting etiological pathogens and resistance markers in patients with nosocomial pneumonia (NP). The impact of this assay on the management of severe nosocomial pneumonia was also assessed. Appropriate specimens were processed by UPA according to the manufacturer's protocol in parallel with conventional culture methods. Of the 56 patients recruited into the study, 49 (87.5%) were evaluable. Of these, 27 (55.1%) and 4 (8.2%) harbored multiple bacteria by the PCR assay and conventional culture, respectively. A single pathogen was detected in 8 (16.3%) and 4 (8.2%) patients, respectively. Thirteen different genes were detected from 38 patients, including the ermB gene (40.8%), the bla OXA-51 -like gene (28.6%), the sul1 (28.6%) and int1 (20.4%) integrase genes, and the mecA and bla CTX-M genes (12.3% each). The time from sample testing to results was 4 h versus 48 to 96 h by UPA and culture, respectively. Initial empirical treatment was changed within 5 to 6 h in 33 (67.3%) patients based on the availability of UPA results. Thirty (62.2%) of the patients improved clinically. A total of 3 (6.1%) patients died, mainly from their comorbidities. These data demonstrate the potential of a multiplex PCR-based assay for accurate and timely detection of etiological agents of NP, multidrug-resistant (MDR) organisms, and resistance markers, which can guide clinicians in making early antibiotic adjustments.
T
he respiratory tract is the most common source of infection in acutely ill patients and is one of the leading causes of death in these patients. Pneumonia, a lower respiratory tract infection, is a life-threatening condition which carries high mortality. This infection can be acquired in the community (community-acquired pneumonia [CAP] ) or the hospital (hospital-acquired pneumonia [HAP] , also known as nosocomial pneumonia [NP] ). NP refers to infection that developed while the patient was in an inpatient setting (1) . It is further differentiated into ventilator-associated pneumonia (VAP), depending on whether or not the process arose after the patient had been receiving 24 h of mechanical ventilation (2, 3) . NP is a frequent and severe infection in the hospital setting, particularly the intensive care unit (ICU), with important morbidity, mortality, and cost implications (3) (4) (5) . Treating a critically ill patients with severe pneumonia is challenging as it involves making important decisions based on an incomplete clinical picture. Thus, selecting appropriate antimicrobial therapy as quickly as possible is absolutely crucial for a successful outcome, as timely action seems to lead to decreased mortality.
With the current paradigm for treatment of pneumonia, results of conventional microbiology culture of respiratory samples are not available for at least 48 to 72 h. However, it is prudent for the clinician to commence empirical treatment immediately without the benefit of knowing the potential causative pathogen and antimicrobial susceptibility. Providing appropriate and adequate antimicrobial therapy is a vital component of successful treatment for severe NP, as many reports have shown that inadequate antimicrobial therapy increases the mortality rate (6) (7) (8) . The therapeutic turnaround time (TTAT), that is, the time taken from sending the first specimen for investigation and the results becoming available to initiate appropriate treatment, varies considerably, as the clinical scenario for treating patients with pneumonia is complex. The shorter the TTAT the better the outcome.
Conceivably, availability of robust rapid molecular diagnostic technology in the routine laboratory that can provide accurate and reproducible pathogen detection in hours rather than days might prevent some inappropriate and inadequate therapies. The objectives of this study were to evaluate the performance of a multiplex PCR-based Unyvero pneumonia application (Curetis AG, Holzgerlingen, Germany) assay for the detection of bacteria and resistance markers from respiratory specimens and determine the impact of this assay on the management of severe nosocomial pneumonia.
MATERIALS AND METHODS
Patients and specimens. Immunocompetent and immunocompromised severely ill patients with clinically suspected respiratory tract infections who had been admitted to the ICUs or medical wards of Mubarak Al Kabeer Hospital, Kuwait, for Ն48 h during the months of January to April 2013 were recruited into the study. Nonrepetitive respiratory samples, mainly sputum, bronchoalveolar lavage (BAL) fluid, and endotracheal (ET) secretions, were obtained from the patients who met the definition of nosocomial pneumonia and sent directly to the hospital diagnostic microbiology laboratory. Other specimens collected included blood for blood culture and blood gases analysis and hematological and biochemical profiles. Our hospital is an 800-bed tertiary teaching hospital with a 26-bed adult ICU and 9-bed pediatric ICU. The medical ethics committee of our Ministry of Health (no. WMTJ/2186/2013) approved the study, and written informed consent was obtained from the patients or relatives.
Definition of pneumonia. A patient was suspected of pneumonia if there were (1) clinical criteria (i.e., new or progressive radiological pulmonary infiltrate) plus 2 or more of the following: temperature Ͼ38°C or Ͻ35.5°C, leukocytosis (leukocyte count of Ն12,000 cells/mm 3 ), or purulent respiratory secretions (as determined by Gram stain) (9, 10) or (2) Laboratory methods. (i) PCR-based Unyvero pneumonia assay. The Unyvero pneumonia application (UPA) (Curetis AG) identifies 18 bacteria, based on 23S rRNA sequences, and a fungus (Pneumocystis jirovecii) (which represent over 90% of the etiological agents of severe nonviral pneumonia) and simultaneously detects 22 resistance markers. For detection of multidrug-resistant (MDR) organisms, the multiplexed PCR targets 3 classical Ambler class A ␤-lactamases (TEM, SHV, and CTX-M) and 2 families of plasmid-encoded ampC genes (Ambler class C). An integrase gene as a surrogate marker for MDR is also included.
All specimens were processed with the UPA assay according to the manufacturer's protocol. Specimens were processed immediately as they arrived, one or two at a time in sequence with no batching. Briefly, 180 l of the patient's sample and master mix were loaded into a self-contained cartridge (Curetis AG) and then placed in the analyzer, where sample preparation, DNA extraction and purification, amplification, and specific detection took place, generating complete diagnostic information within 4 h. To detect many analytes, 8 multiplexed PCRs were run in parallel for detection with panel-specific microarrays.
(ii) Conventional culture and susceptibility testing. One-hundredmicroliter aliquots of the same sets of samples were inoculated in parallel on a set of selective and nonselective routine agar plates (MacConkey [Oxoid, Basingstoke, United Kingdom], blood agar [Oxoid], chocolate agar, and Sabouraud agar [Oxoid] ) and incubated under appropriate atmospheric conditions for 24 h or reincubated for 48 h as necessary. Relevant clinically significant bacterial isolates were identified by the Vitek 2 ID system (bioMérieux, Marcy, L'Étoile, France) and Vitek MS (bioMérieux) (when necessary). Antimicrobial susceptibility testing (AST) was performed using Vitek 2 AST cards and Etest (bioMérieux), as required. Penicillin and carbapenem susceptibility of Streptococcus pneumoniae and vancomycin susceptibility of methicillin-resistant Staphylococcus aureus (MRSA) were determined using the Etest.
Phenotypic detection of resistance mechanisms was carried out using GeneXpert (Cepheid AB, Röntgenvägen, Solna, Sweden) for detection of the mecA gene in MRSA. Detections of extended-spectrum ␤-lactamase (ESBL) and metallo-␤-lactamase (MBL) were carried out with the cefotaxime/cefotaxime-clavulanic acid (CT/CTL) and ceftazidime/ceftazidime-clavulanic acid (TZ/TZL) Etest (bioMérieux) and imipenem-EDTA Etest methods, respectively. Impact on patient management. The patients were classified into 1 of 3 groups (12) (i) mild-to-moderate NP, i.e., no usual risk factors, onset any time or early onset, and severe NP; (ii) mild-to-moderate NP with risk factors and onset any time; and (iii) late-onset severe NP or early-onset NP with risk factors.
Those patients whose empirical antimicrobial therapy remained the same after the results of the etiological agents became known, and those patients in whom antibiotic therapy needed adjustment, were analyzed to determine the direct impact of the test system on the management of patients.
Statistical analysis. EpiCalc 2000, version 1.02 (Brixton Health, Llanidloes, United Kingdom) was used to compare the counts and sample size.
RESULTS
Of the 56 patients recruited into this study, 49 (87.5%) were evaluable and 7 (12.5%) who did not meet the definition of NP were excluded. The biodata of the patients are shown in Table 1 . The patients were 3 to 92 years old (mean, 55.6 years). Of these, 27 were hospitalized in adult ICUs, 2 in a pediatric ICU (PICU), and 20 on the medical wards. There were 34 males and 15 females. Endotracheal (ET) specimens were obtained from 30 patients, sputum from 12, and BAL fluid from 7. All of the patients had shifts in peripheral white blood cell (WBC) counts to the left, elevated median C-reactive protein (CRP) levels, and increased Bacterial etiology and resistance genes detected by UPA assay versus culture. A summary of the performances of the test assay and culture shows that clinically significant multiple bacteria were detected in 27 (55.1%) cases by UPA and 4 (8.2%) by conventional bacteriological culture. Eight (16.3%) and 4 (8.2%) cases yielded single pathogens by UPA and culture, respectively, a statistically significant finding with a P value of Ͻ0.0001 (confidence interval [CI], 29.00 to 64.88). In 11 (22.5%) and 37 (75.5%) cases there were no significant pathogens detected by both UPA and culture, respectively. The difference in lack of detection power by UPA and culture reached a statistically significant level (P Ͻ 0.0001 [CI, 34.24 to 71.88]); 3 of the 11 negative specimens by UPA were acid-fast bacilli (AFB)-positive by Ziehl-Neelsen (ZN) stain and grew Mycobacterium tuberculosis by culture. Three (6.1%) specimens yielded "error/not valid run" by UPA, meaning a number of criteria were not fulfilled, such as the cartridge not being properly processed, control within the system failing, or the presence of holes/cracks in the array membrane, dust on the array membrane, and difficulties during array detection by the optic module.
The microbial etiology according to UPA assay and culture is shown in Table 2 . The etiological agents were further analyzed according to the severity of the pneumonia into groups 1, 2, and 3. In group 1 (8 patients), the causative agents detected by UPA versus culture were S. pneumoniae in 6 (75%) cases versus 2 (25%), S. maltophilia in 2 (25%) versus 0, A. baumannii in 1 (12.5%) versus 0, and P. aeruginosa in 1 (12.5%) versus 0, respectively. In group 2 NP (26 patients), detections by UPA versus culture were A. baumannii in 4 (15.4%) and 2 (7.7%) patients, K. pneumoniae in 4 (15.4%) and 1 (3.9%), P. aeruginosa in 4 (15.4%) and 1 (3.9%), and S. maltophilia in 3 (11.5%) and 0, respectively. Analysis of microbial agents from group 3 NP (15 patients) indicated that the majority of the etiological agents were detected by the UPA assay. A. baumannii, K. pneumoniae, S. maltophilia, and P. aeruginosa were detected by UPA assay versus culture in 8 (53.3) and 1 (6.7%), 6 (40%) and 0, 6 (40%) and 1 (6.7%), and 5 (33.3%) and 1 (6.7%) patients, respectively. A total of 13 different genes were detected by the UPA assay from 38 infected patients. Analysis of the frequency of genes detected showed that the ermB gene (40.8%) was the most commonly detected gene, followed by the bla OXA-51 -like gene (28.6%), the sul1 (28.6%) and int1 (20.4%) integrase genes, and the mecA and bla CTX-M genes (12.3% each). Other genes, such as bla TEM , bla SHV , and ermC were each detected in 8.2% of the cases.
The degree of agreement between UPA and culture. There was no agreement in 18 (36.7%) cases, but the same organisms grew in 3 (6.1%) cases. At least one organism was found by both methods in 14 (28.6%) cases, and both methods yielded no growth in 9 (18.4%) cases.
Treatment changes based on UPA assay. As shown in Table 3 , initial empirical treatment was changed within 5 to 6 h after specimen collection in 33 (67.3%) patients based on the results of the UPA assay becoming available soon after 4 h. Thirty (62.2%) of the patients improved clinically and microbiologically compared with 8 (16.3%) in whom there was no improvement. A total of 3 (6.1%) patients died mainly from their comorbidities (1 from chronic myeloid leukemia, 1 from severe myocardial infarction, and 1 from widespread tuberculosis).
Impact on outcome of severe NP by Unyvero. Fifteen (30.6%) patients with severe pneumonia (group 3), from whom multiple bacteria were detected, including multidrug-resistant (MDR) 
DISCUSSION
Pneumonia is a medical challenge. NP (that is, hospital-acquired pneumonia and ventilator-associated pneumonia [VAP]) represents one of the most important causes of morbidity and mortality, with high attributable mortality rates of between 25 and 50%. The results of large multicenter studies provide a clearer picture of the severity of the problem on a worldwide scale (8, 9) . A confounding issue in the successful management of pneumonia is the long delay in determining the identity of the causative agents and their antimicrobial susceptibility. Current guidelines for the treatment of pneumonia are based on the standard of care, which delays the identification of the etiological agent by 48 to 72 h due to the time it takes to culture the pathogens. One way to improve the TTAT is to implement new diagnostic technologies in microbiology laboratories that would speed up pathogen and resistance identification. These concerns were found to be addressed by the UPA assay. The assay allowed detection and correct identification of clinically relevant etiological agents of NP and important resistance profiles in patients in the ward and ICU settings within 4 h of specimens reaching the laboratory. All specimens were processed immediately upon receipt in the laboratory, thereby eliminating the need for batching (which could have impacted the TTAT), in contrast to cultural methods where specimens were batched. Thus, the limitations in the area of rapid testing for multiple pathogens and the ability to incorporate molecular testing into clinical microbiology laboratories were removed. In addition, not only could the assay be performed in a single day, it also provided valuable relevant results in just a fraction of the time it took by the conventional culture technique. Furthermore, the results of UPA were conveyed directly in person to the wards/ICU by members of our team, who also discussed the interpretation and significance of the results in relation to the clinical condition of the patient. This careful interpretation of the results was undertaken to prevent overtreatment of possible replacement colonizers. This UPA assay system is akin to a "lab-on-a-chip" or "micro total analysis system (TAS)" previously described by Yager el al. (13) and Whitesides (14) , as it utilizes the highly sensitive and specific technique of nested multiplex PCR in an enclosed disposable cartridge equipped with integrated reagent containers, a DNA purification column, eight PCR chambers, and a corresponding number of detection arrays. As a result, this system permits the enormous benefits of this form of PCR to be feasible in settings where even moderate contamination risks from pathogens or of amplicons are unacceptable. Ultimately, this type of system could allow complex molecular methods to be adopted in point-of-care settings where even community-acquired pneumonia patients present initially to the doctor. Another advantage of the system is that it is automated, which reduces operator workload and error; the process is rapid and reactions from one step to the other are measured in seconds. Pathogen identification and antibiotic susceptibility were simultaneously measured and provided real-time, relevant information about the presence or absence of pathogens and their antibiotic resistance genes.
The UPA assay system is also an efficient solution to the "sample-to-assay" problem, as it uses small volumes of materials without losing its sensitivity. Typically, for a few pathogens, sensitivity is correlated with testing of large sample volumes. The UPA assay system uses all the nucleic acid recovered from the small amount of input material in the first step of the multiplex PCR, and the second stage of amplification then allows specific detection of the analytes in very small-volume PCRs without the loss of sensitivity common in small-volume PCRs (15) .
The testing of the UPA assay with clinical samples demonstrates a successful real-world application of this technology. In comparison to the culture technique, the UPA system showed a high percentage of cumulative agreement (ca. 70%). The most common discordance was the detection of pathogens by the UPA assay system in culture-negative samples, apparently due to superior sensitivity of the PCR assay. Furthermore, as shown in this study, the UPA assay system tests for a large panel of pathogens, which leads to fewer negative samples than with the conventional culture method and more multiple-pathogen detection in the same sample, as a result of the limited numbers and types of selective and nonselective culture media used in the routine clinical microbiology laboratory for the culture of respiratory specimens or analysis of previous antibiotic use.
In this study, the UPA assay system demonstrated the importance of providing appropriate and adequate therapy as a vital component of successful treatment of severe nosocomial pneumonia, as many published reports have shown that inadequate antibiotic therapy increases the mortality rate as well as the mean duration of hospital stay (8, (16) (17) (18) . The UPA assay is an accurate and rapid test system which enabled the treating doctor to perform an adequate decision-making process to select the appropriate antimicrobial therapy and thus improve medical outcomes. This PCR-based rapid assay detected many pathogens that were not detectable by conventional culture and provided resistance markers in a timely manner. It is worthy of note that while UPA detected S. pneumoniae (a known respiratory pathogen), in specimens from 12 patients, only 2 of these yielded the same organism in the conventional culture method. Failure to isolate S. pneumoniae in culture has been observed previously by other workers and may be attributable to prior antibiotic therapy (which may impair the diagnostic validity of respiratory culture) in addition to delays of sample processing (which may reduce the isolation rates and increase indigenous flora) (19) . Several studies have demonstrated that sputum and other respiratory cultures became rapidly negative for S. pneumoniae during antibiotic treatment, unlike PCR, which remained positive in spite of ongoing therapy (20, 21) . Perhaps, in general, another reason for PCR positivity in culture-negative samples is that it has higher sensitivity than culture (22) . The inclusion of Pneumocystis jirovecii and L. pneumophila in the UPA panel offers valuable information. UPA was positive for L. pneumophila in 2 patients with moderate-to-severe NP, with supportive clinical and laboratory findings, but negative by culture. These patients improved dramatically on appropriate antibiotic therapy.
In this study, the UPA assay was used to assess the presence in 76 isolates of multidrug-resistance (MDR), defined as resistance to 3 classes of antibiotics. The majority of the patients in the group 2 and group 3 category harbored MDR Gram-negative bacterial pathogens, mainly A. baumannii, K. pneumoniae, P. aeruginosa, and S. maltophilia. Detection of MDR was achieved in this assay by 3 classical Ambler class A beta-lactamases (TEM, SHV, and CTX-M), 2 Ambler class C (plasmid-mediated ampC) genes, and an integrase gene (int1), and MDR was indicated in ca. 55% of pathogens. Based on these results, treatment regimens were changed in 33 (67%) patients within 6 h of specimen collection and laboratory processing (sample-to-result time frame) without waiting for results of conventional culture, which became available approximately 48 to 96 h later. Sixty-two percent of patients improved clinically and microbiologically; 3 patients died mainly because of a comorbidity.
The direct impact of the UPA assay compared with conventional culture was further analyzed in detail in the 15 patients in group 3. There was no doubt that the rapid molecular diagnostic platform (UPA assay) was instrumental to accurate pathogen identification and the selection of appropriate targeted antibiotic therapy, with benefits for the patients. In addition, by decreasing the turnaround time to hours, instead of days, the UPA assay provided clinicians the opportunity to change the empirical therapy to definitive therapy within the shortest possible time frame, thus impacting positively patient management and outcome. In our hospital, guidelines for empirical treatment of NP entail administering ceftazidime plus ciprofloxacin or meropenem. In our patients with moderate-to-severe NP, treatment was changed from the broad-spectrum regimen to targeted antibiotic therapy involving the use of intravenous colistin and/or tigecycline or vancomycin when MRSA was involved, with satisfactory outcomes. This decision was influenced by the results of UPA showing pathogens with multiple resistance to the empirical broad-spectrum antibiotics. The patient who died of widespread tuberculosis (TB) had pulmonary TB that was missed by UPA, which also did not detect any other microorganisms in the specimen from this patient. In addition, routine bacteriological culture of specimens from this patient also did not yield any growth. Based on the demonstration of AFB by ZN stain and radiological findings, the patient was treated with standard quadruple anti-TB drugs but succumbed to his infection.
An important limitation of this study is the relatively small number of patients and the time constraints for carrying out the study. A larger number of patients is required to demonstrate more conclusively the impact of the UPA assay on patient management. This will also permit consistent performance at a high level of technical proficiency, determination of high positive and negative predictive values that can discriminate between a true infection and mere colonization, and importantly, determination of the proper place of this method in an algorithm of clinical laboratory diagnosis of respiratory pathogens. It must be said, however, that because the UPA assay consists of a finite panel, as do all multiplexed PCRs, it may miss some organisms which might grow on culture. Correct interpretation of these UPA results must be carefully made and weighed against the clinical condition of the patient in order to avoid overtreating mere colonizers. M. tuberculosis is not included in the UPA panel and hence the UPA failed to detect the 3 cases of tuberculosis which were positive on ZN stain and later grew on culture. The explanation for this omission might be that M. tuberculosis is an unusual etiological agent of NP. Another important cautionary note when making comparisons between UPA and culture is that PCR-based identification will also detect dead or treated organisms that may not grow on culture, particularly if the patient has been on medication with previous antibiotics.
In conclusion, the UPA assay detected etiological agents of mild through moderate to severe nosocomial pneumonia and their resistance markers in respiratory samples, with results that were consistent with standard clinical microbiology within a time period of approximately 4.3 h versus 48 to 96 h by conventional culture. This assay holds promise for the future, where rapid detection of pathogens and resistance mechanisms may be determined in standardized assays that will allow clinicians to diagnose pneumonia in real time and initiate appropriate antimicrobial therapy as early as possible. The study also showed that antibiotic resistance with a complex genetic background can be successfully predicted by the careful selection of markers on the assay panel. However, as promising as the assay looks, care must be taken in the interpretation of test results, which should tally with the clinical presentation to avoid treating colonizing organisms instead of the pathogens infecting the patients.
